The extensive use of resin-bonded wood in construction as well as the continued expanding application of formaldehyde-based resins has resulted in formaldehyde (FA) becoming a major indoor contaminant. In this investigation, instantaneous and complete decomposition of FA has been studied by thermally activated semiconductors whose system had previously been developed by us. Complete decomposition has been achieved with Cr 2 O 3 at about 500 C for FA concentrations of 100 and 1200 ppm with a residence time of about 20 ms. Our system is simple in structure and compact; nevertheless, quite efficient.
Introduction
Formaldehyde (FA) is widely used as a component of adhesives for building materials as well as sterilization agents in the medical field. On the other hand, a large amount of FA are also employed as the crosslinking agent for unsaturated polyesters for the preparation of three-dimensional polymers as those of phenol resins used for print circuit boards, buttons, etc. FA is highly toxic and is also carcinogenic for humans. The noxious effect on the environment due to FA vented in the manufacturing and chemical industrial plants makes their removal imperative. Thus, complete elimination or, at least abatement below the levels fixed by environmental regulations (indoor: 0.1 ppm, but no regulation for outdoor) is an inevitable concern in developed countries. One of the major obstacles for the FA abatement is due to the lack of technologies that economically and technically meet the requirement of FA users. The FA elimination can basically be achieved by catalytic combustion 1) in the temperature range 300-500 C. However, this is a large-scale removal system and also requires a large investment. Abatement by the use of absorbents 2) requires regeneration or disposal after a certain period. Also, they need regular replacement, so that the risk of FA escape after saturation is a problem. Plasma 3) and photo-catalyst 4) technologies have also attracted attention as emerging technologies, but these are only effective for low flow rates with an extremely small treatment volume.
In view of the present situation, an attempt has been made in this study to apply our novel technology based on thermally activated semiconductors to the problem of FA elimination. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Our system for complete elimination of volatile organic compounds (VOCs) has the advantage of being efficient, compact and inexpensive. Our technology has been initiated by an accidental finding that oxide semiconductors such as TiO 2 exhibit no catalytic activity at room temperature, but the activity is greatly enhanced when heated at above 350-500 C. [5] [6] [7] The present technology uses a large number of highly oxidative holes generated by thermal excitation of semiconductors for decomposition of plastics as well as VOCs in an instant. Up to now, we have shown very successful results for complete decomposition of plastics, 6, 7) volatile organic compounds, 8, 11, [13] [14] [15] 17, 18, 20) diesel exhausts, 8) tobacco smokes, recovery of glass fibers from fiber reinforced plastics, 21) side by side with the system development based on the fundamental elucidation of the decomposition mechanism.
Outline of the Complete Decomposition of Polymers
by Thermally Activated Oxide Semiconductors
The use of thermally activated holes for removal of VOC and organic wastes including any kinds of polymers is an entirely new technology initiated by us in 2001.
5) The present technology uses the formation of a large number of highly oxidative holes generated by thermal excitation of semiconductors. 6) We explain below the availability of a large number of holes at high temperature in semiconductors in the following way. The number of charge carriers in semiconductors, for example, in TiO 2 , is shown by the product of the Fermi-Dirac distribution function and the density of states.
22) The number of carriers estimated by above calculation at room temperature (RT) and 350 C (n RT ¼ n 0 exp½ÀE g =2k B T RT and n 623K ¼ n 0 exp½ÀE g =2k B T 623K , respectively) gives a ratio of n 623K =n RT % 8:8 Â 10
13 where
is the band gap of TiO 2 of the rutile phase. This number has approximately been confirmed in our experiment using single crystals of TiO 2 of the rutile phase.
7) Figure 1 shows the decomposition mechanism of polycarbonate (PC) used as the substrate for optical discs. The initial step for the decomposition is the capture of bonded electrons from PC to form free cation-radicals there by thermally excited holes, followed by their propagation through the substance which induces radical splitting to break down large molecules into fragments. These fragmented, small molecules then react with oxygen in air to yield H 2 O and CO 2 (i.e., complete combustion). The thermal activation of semiconductors described above has the three important processes: one is to create a vast number of holes at high * Graduate Student, Yokohama National University temperatures, the second is to fragment a giant molecule into small pieces by radical splitting, and the final process is the total combustion of the fragment with oxygen to yield H 2 O and CO 2 .
The above mechanism is assumed to be also operative in the destruction process of VOCs. The most important factor is the collision frequency between the thermally activated semiconductors and VOC gases. For the time being, Cr 2 O 3 is the semiconductor of choice in view of the decomposition ability and the stability against VOCs. 
VOC decomposition system with a heat exchanger
The VOC removal system is a stacked assembly of catalyst units called ''function-separated units'' as shown in Fig. 2(a) in the form of a stainless-steel box comprising a heat element and a catalyst-impregnated honeycomb. The box is composed of a heat chamber based on a Ni-Cr wire (0.5 mm in diameter: 500 W) and a Cr 2 O 3 -coated honeycomb-substrate (100 Â 100 mm 2 with 30 mm in thickness). A spiral Ni-Cr wire was fixed onto the cuboid insulators attached to the bridge-girders in the catalyst unit: whereas one Cr 2 O 3 -coated honeycomb-substrate was placed directly above the heat element. Figure 2(b) shows the VOC removal system equipped with a heat exchanger that is composed of fourstacked catalyst units and one heater unit at the bottom. The inlet gas enters through the heat exchanger, is heated and then enters the reactor heated at about 350-500
C. The present system has a SV (space velocity) value of about 100,000/h at the level of 90% decomposition for 2000 ppm toluene.
20)

Experimental conditions
The FA concentration was monitored at the inlet and outlet of the VOC removal system [ Fig. 2(b) ] by a hydrocarobon meter of a TVA-1000B from Thermo Fischer Scientific Inc. Calibration of the hydrocarbon meter was made using a standard gas with concentrations of 300, 600, and 900 ppm. The result is shown in Fig. 3 , where ppmC denotes the hydrocarbon concentration based on methane.
Results and Discussion
Figure 4(a) shows the FA decomposition process as a function of temperature for an FA concentration of 1200 ppm. FA decomposition starts at about 100 C and is completed at about 450 C. Figure 4(b) is the result of FA decomposition for concentrations of 100 and 1200 ppm carried out at 500 C. In both experiments, the outlet concentration was entirely zero, showing the reading of the hydrocarbon meter for air. The outlet gas had no smell of FA all. In addition, we collected the outlet gas with a plastic bag and analyzed its component with a mass spectrometer. No FA component was detected.
The present result of complete decomposition is, more or less, expected, because FA is a small molecule (molecular weight: 40) and can be decomposed much easier than toluene (molecular weight: 92) as described in section 3.2. The decomposition time required for FA has been calculated to be about 20 ms on the basis of the flow speed of 10.5 m/s (which corresponds to the flow rate of 2 m 3 /min) and the length of the reactor (about 23 cm). The time required for decomposition is sometimes called ''residence time'' for the evaluation of VOC removal systems. Ours is almost equivalent to that of corona discharge induced plasma treatment. 3) As described above, our system is simple in structure and quite small. Nevertheless, it exhibits a high performance for FA decomposition. Cr 2 O 3 is quite stable and resistant even to halogen-based gases. 20) Catalyst replacement is basically, not necessary.
Conclusions
Instantaneous and complete decomposition of FA has been investigated with our VOC removal system utilizing thermally activated semiconductors. Complete decomposition has been achieved with Cr 2 O 3 at about 500 C for FA concentrations of 100 and 1200 ppm with a residence time of about 20 ms. Our system is simple in structure and compact; nevertheless, quite efficient. We believe that our system opens up a new horizon for solution of environmental problems. for an FA concentration of 1200 ppm, using the VOC removal system with a heat exchanger, and (b) FA decomposition for concentrations of 100 and 1200 ppm carried out at 500 C.
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